Compared with macroscopic surfaces, the structure of water around nanoparticles is difficult to probe directly. We used molecular dynamics simulations to investigate the effects of particle size and morphology on the time-averaged structure and the dynamics of water molecules around two sizes of hematite ( -Fe 2 O 3 ) nanoparticles. Interrogation of the simulations via atomic density maps, radial distribution functions and bound water residence times provide insight into the relationships between particle size and morphology and the behavior of interfacial water. Both 1.6 nm and 2.7 nm particles are predicted to cause the formation of ordered water regions close to the nanoparticle surface, but the extent of localization and ordering, the connectivity between regions of bound water, and the rates of molecular exchange between inner and outer regions are all affected by particle size and morphology. These findings are anticipated to be relevant to understanding the rates of interfacial processes involving water exchange and the transport of aqueous ions to surface sites.
Introduction
The interactions between water and mineral surfaces are crucial for stabilizing surface structures and mediating interfacial adsorption reactions of aqueous ions (BROWN, 2001; KERISIT and PARKER, 2004b) . Nanoscale minerals, such as hematite ( -Fe 2 O 3 ), are extremely common natural products of biomineralisation (FOWLER et al., 1999) and chemical weathering reactions (GILBERT and BANFIELD, 2005) .
Although frequently a minority fraction, mineral nanoparticles can have a profound impact on their environment (GILBERT and BANFIELD, 2005) , having high surface areas and hence high reactivity and total energy relative to macroscopic minerals. Hematite, like the other iron oxide minerals, is of particular interest because its properties at different sizes indicate a wide range of geochemical reactivity (MADDEN et al., 2006) . This includes adsorption of ions from solution, such as phosphates (WAYCHUNAS et al., 2005b ) and arsenates (WAYCHUNAS et al., 2005a) , photochemical reduction in aqueous solution (SHERMAN, 2005) , and heterogeneous catalysis (FENG et al., 2004) .
Experimental studies on the mineral-water interface have received a great deal of research attention due to the fact that water often forms an ordered structure above macroscale mineral surfaces. Highly ordered water structure has been observed experimentally on a wide range of minerals including calcite (CaCO 3 ) (GEISSBUHLER et al., 2004) , barite (BaSO 4 ) (FENTER et al., 2001) , orthoclase (KAlSi 3 O 8 ) (FENTER et al., 2003) , hematite (TANWAR et al., 2007; TRAINOR et al., 2004) and alumina ( -Al 2 O 3 ) (ZHANG et al., 2008) . To gain added insight into this ordered structure, computer simulations provide a complementary tool for investigating this interface. Molecular dynamics (MD) simulations on the calcite water interface (KERISIT and PARKER, 2004a; KERISIT and PARKER, 2004b) are in very good agreement with the distances of the first two layers of water using in situ specular and non-specular X-ray scattering measurements for bulk surfaces (GEISSBUHLER et al., 2004) . MD studies of hematite predict water molecules at three distinct distances, 0.19, 0.23 and 0.27 nm, above the (01.2) surface and two distinct distances, 0.24 nm and 0.32 nm, above the (00.1) surface (KERISIT et al., 2005) . The first layer above (00.1) is formed by water molecules bonded to hydroxyl groups, whereas the second consists of water molecules interacting with both surface hydroxyls and iron atoms. The structure of the hydroxylated hematite (01.2) surface prepared via wet chemical and mechanical polishing (CMP) procedure was determined using X-ray crystal truncation rod (CTR) diffraction (TANWAR et al., 2007) .
Comparison of the experimentally determined surface model with density functional theory calculations showed that the hydroxylated CMP-prepared surface differs from an ideal stoichiometric termination due to vacancies of the near surface Fe sites. However, the first layer of water that fitted the CTR data best had a distance of 0.22 nm above the surface, which is relatively close to the results in the MD simulations.
Although the work above involves systems periodic in two dimensions, there are a few examples in the literature of the mineral-water interface involving nanoparticles.
Rustad and Felmy used MD to investigate the influence of edge sites on the protonation of goethite nanoparticles with dimensions less than 10 nm (RUSTAD and FELMY, 2005) .
They predicted that proton accumulation at the surfaces of nanoparticles differs significantly from that on flat surfaces, an effect that they attributed to edge sites. Using both experimental and computational methods, water has been seen to have a stabilizing effect on the structure of zinc sulfide nanoparticles and further studies have shown that ZnS nanoparticles can absorb more water molecules per unit surface area compared with bulk ZnS crystals due to increased curvature (ZHANG et al., 2007) . Investigations into the water interface with anatase and rutile (TiO 2 ) (KOPARDE and CUMMINGS, 2007) and calcite (COOKE and ELLIOTT, 2007) nanoparticles predicted two or more hydration layers.
Accurate molecular-scale depictions of interfaces are crucial for determining the physical and chemical constraints on the rates and mechanisms of surface chemical processes such as ion adsorption and mineral dissolution. As discussed above, the nanoparticle-mineral interface has a governing role in many important geochemical processes and atomistic simulations are an increasingly reliable approach for predicting the interfacial structure and properties. In this study we simulated the structure of water around a 2.7 nm faceted, a 2.6 nm spherical and a 1.6 nm nanoparticle and used MD simulations to investigate the structure of water around these hematite nanoparticles and predict important size and shape effects on the extent of water layering and mobility at nanoparticles surfaces.
Methods
All simulations in this work are based on the Born model of solids (BORN and HUANG, 1954) , in which the interactions between the atoms of a system are divided into long-range electrostatic interactions and short-range forces. The short-range forces are described with parameterized functions that include the electron cloud repulsion and the van der Waals attraction forces. The parameters used to model hematite and its interactions with water were based on the potentials developed by Lewis and Catlow (LEWIS and CATLOW, 1985) , where the oxygen-oxygen interactions were taken from the work of Catlow (CATLOW et al., 1977) . The potential parameters of Baram and Parker (BARAM and PARKER, 1996) were used to model the hydroxyl ion. The potential parameters used to describe the intra-and intermolecular interactions were those of de Leeuw and Parker (DE LEEUW and PARKER, 1998) with the modified hydrogen bond potential of Kerisit and Parker (KERISIT and PARKER, 2004b) . These potentials parameters also employ a simple mechanical shell model that was introduced by Dick and Overhauser (DICK and OVERHAUSER, 1958) to account for the ionic polarizability. In our simulations, the cation polarizability was assumed to be negligible and hence the shell model was only used to simulate oxygen ions. The potential parameters are well established and have been used to describe the bulk (COOKE et al., 2003) , surface (COOKE et al., 2004) and interfacial (SPAGNOLI et al., 2006a) properties of water and hematite.
The water model predicts values for diffusion coefficients, coordination numbers and interaction energies measured experimentally (KERISIT and PARKER, 2004b) , which are important when investigating transport properties in interfacial regions. In a recent paper using the same hematite-water potential, the hydrated and hydroxylated surface energies of different hematite surfaces were calculated (DE LEEUW and COOPER, 2007) . The calculated surface energies agree well with surface energies from calorimetry experiments (NAVROTSKY et al., 2008) .Consequently, the de Leeuw and Parker water model is suitable for the analysis performed here.
All MD simulations were performed using the DL_POLY (SMITH and FORESTER, 1996) computer code. The simulations were initially energy minimized at zero Kelvin using the NVE ensemble (constant number of particles, constant volume and constant energy) for 400 ps. These MD simulations at close to zero Kelvin enable the particle to relax and allow the system to represent the energy at a more optimum value. After 400 ps energy fluctuations of the system drop to ~0.002 eV. The final configuration was then run for a further nanosecond, during which the trajectories were generated in the NPT ensemble (constant number of particles, constant pressure and constant temperature) by means of the Verlet leapfrog algorithm (HOCKNEY, 1970; VERLET, 1967) The time step was 0.2 fs and the temperature was kept constant at 300 K by the Nosé-Hoover thermostat (HOOVER, 1985) . The shells were given a small mass of 0.2 a.u. following the approach introduced by Mitchell and Fincham (MITCHELL and FINCHAM, 1993) . The electrostatic interactions were calculated using the Ewald summation scheme (EWALD, 1921) . All simulations were run for an equilibration period of 200 ps and then run for a further 1 ns, where all data was analyzed. A cut-off of 1.5 nm was used in all simulations.
Simulation Set-up and Analysis

Nanoparticle Morphology
Nanoparticles was constructed using the METADISE code version 5.26 (WATSON et al., 1996) , which uses Wulff constructions (WULFF, 1901) to predict the morphology.
This approach follows the theory of Gibbs to generate the lowest total surface energy morphology from facets that may each have different surface energies. The surface energy, , is defined as the energy per unit area required to create the surface from bulk material, so that:
where U s refers to the energy of the block with the created surface and U b refers to the energy of the bulk material prior to cutting and normalized so that the same number of atoms is present in both blocks. A is the surface area. The surface energies of the hematite surfaces were taken from a previous study using the method described above (KERISIT et al., 2005) . For a crystal consisting of a given number of atoms, the equilibrium shape is one that minimizes the surface energy. In 2 dimensions for a polar coordinate system, a vector is drawn parallel to the normal of the surface and with length proportional to the energy of the surface. At the endpoint of the vector a tangent line is drawn. If repeated for all surfaces the tangent lines limit the equilibrium shape. If a particular surface has a high energy, it will not be present in the final construction. The constructions in 3 dimension are in principle the same except a spherical coordinate system is used and at the end of the vectors a tangent plane is drawn. This method can be used to make mineral nanoparticles of any shape or size (COOKE and ELLIOTT, 2007; MARTIN et al., 2006 ). In the simulations described in this work the initial nanoparticles were bounded by (0.12) unless otherwise stated.
Surface Protonation
Uncertainty surrounding the heterogeneity of proton speciation is one of the major challenges in realistic thermodynamic representation of oxide surfaces (FELMY and RUSTAD, 1998; RUSTAD et al., 1996) . This presents a particular challenge for simulations of metal oxide nanoparticles that can possess numerous distinct acidic surface sites.
Despite some progress in first principle calculations of pKa values for acidic oxygen sites on surfaces (AQUINO et al., 2008; BICKMORE et al., 2006) , acid-base phenomena cannot easily be modeled in MD simulations. In most molecular simulations, including the present work, proton bonding is fixed throughout the run, and thus proton speciation cannot be predicted but must be imposed at the beginning. We developed a semiempirical method to generate hematite nanoparticles with realistic surface protonation by developing criteria for determining both the degree and location of protonated sites. First, we imposed an effective simulation pH by adding protons until the surface charge density agreed with empirical data from potentiometric titration on hematite powder (SCHUDEL et al., 1997) . Second, we determined the location of the protons according to the following procedure. Iron sites coordinated to fewer than 3 structural oxygen atoms were removed, then remaining iron atoms were surrounded by additional oxygens to give the 6-fold coordination expected due to water dissociation at reactive cation sites (RUSTAD et al., 1999 ). The resulting model nanoparticle possessed only fully coordinated iron sites, with several distinct acidic oxygen sites including iron sites with 1 -3 bound surface (singly coordinated) oxygen atoms (O groups), and two-and three-coordinated oxygen sites (µ 2 O and µ 3 O sites). Surface oxygen may undergo sequential protonation reactions, so to identify the likely protonation configurations we used a Pauling bond order model (Rustad et al., 1999) . Surface sites were protonated as described in Table 1 until the desired total charge for the nanomaterial was attained. This simple method neglects numerous essential energetic contributions to surface protonation reactions including surface relaxation, solvation and the formation of hydrogen bonding networks across the surface and into the liquid. However, the approach we have developed is consistent with the conclusions made from more sophisticated computer simulations on the most likely sites for proton affinity (RUSTAD et al., 1999) . A discussion on the methodology behind protonating the nanoparticle surfaces can be found in the Electronic Annex.
Surface protonated nanoparticles were energy minimized at zero Kelvin and NVE ensemble in DL_POLY 2. The final configuration was then submerged in a box of water.
Each nanoparticle was placed in a box big enough so that water at the edge of the simulation cell had the properties of bulk water. A 3-4 nm separation of all nanoparticle surfaces from the box edges was used because layering never extended more than 1 nm from the particle surface. The amount of water added ranged from 2500 to 4800 molecules depending on the size of the simulation cell.
Analysis of the Simulation Results
Radial distribution functions (RDF) are used to describe the structure of hematite nanoparticles and the ordering of water around the particles. RDF is a pair correlation function that describes how, on average, the atoms in a system are radially packed around each other. In a system where there is continual movement of atoms a single snapshot of the system shows only the instantaneous disorder, thus the advantage of RDF is that gives the average structure over a number of configurations. The RDF, g (r) , is plotted as a 
Results and Discussion
Prediction of the structure of hematite and water as a function of size
Two nanoparticles, 1.6 and 2.7 nm in diameter, were placed in a box of water.
The four ions in the centre of the nanoparticle were fixed to restrict nanoparticle diffusion while permitting particle structural relaxation and rearrangement of water molecules into the most energetically favorable configurations. To visualize the structure of water around a nanoparticle in 3 dimensions the water density was evaluated by splitting the simulation cell into 0.3 Å cubic bins. The density was calculated by evaluating the number of times a water molecule passed through a given bin. This approach is similar to the method that was used to illustrate the water density on flat and stepped surfaces of calcite (SPAGNOLI et al., 2006b ). We employed two methods to generate viewable 2D
images from the 3D structural information: projecting the information from the entire simulation volume onto 2 dimensions (Figs. 1i&ii) , and taking cross-sections through the centre of the simulation cell (Figs. 1iii&iv) . The blue spots indicate a site occupied by an iron atom and the spot size indicates atom movement due to relaxation and thermal vibrations during the simulation. Both starting configurations of the nanoparticles are crystalline, but during the course of the simulation the 1.6 nm particle structure becomes disordered. The RDF describing interatomic distances between all the iron and oxygen atoms in the hematite crystallites indicates the degree of structural disorder. As shown in the inset to Fig. 2 , the RDF between the iron atoms and the oxygen atoms in the 1.6 nm hematite particle is highly disordered compared with that of the larger particle. Although hematite lattice planes can still be discerned in Fig 1iv, the RDF peaks from 0.34 to 0.47 nm are featureless and the particle loses its initial faceted morphology, becoming more spherical. By contrast, the 2.7 nm nanoparticle retains a highly crystalline structure with resolved peaks at all distances in the RDF. The retention of long-range order of crystal structure in larger nanoparticles is a common observation in MD studies (COOKE and ELLIOTT, 2007; MARTIN et al., 2006) . There are so few bulk ions relative to surface ions in the 1.6 nm hematite particle that the amount of disorder in the particle is high.
Variations in water density are indicated by color, which ranges from white (no water density) through pink (low water density) to red (high water density). Figures 1.i and 1.ii show that the water adopts an ordered, layered structure near the surfaces of both the 2.7 nm and 1.6 nm nanoparticles. The ordering is greatest at the surface, diminishing with distance until the water is unstructured and indistinguishable from bulk water. At least three water layers are predicted to form at the surfaces of both particles, but the layers are more clearly defined for the 2.7 nm case (Figure 1.iii) . We attribute the greater water disorder for the 1.6 nm case to the smaller particle size and loss of crystallinity. Figure 2 show four peaks at 0.22, 0.40, 0.65 and 0.9 nm associated with water layers and tend towards unity, as expected, at greater distances from the surface.
RDFs in
The first peak represents the first layer of tightly bound water; its area normalized by the number of surface iron atoms per particle, represents the coordination number of iron by water. Experimental studies have found the first layer of water at 0.27 nm and 0.22 nm (TANWAR et al., 2007) above the (01.2) hematite surface, which is reasonably close to our simulations and previous MD studies on 2 dimensional surfaces (KERISIT et al., 2005) . Direct quantitative comparisons cannot be made between these RDF curves for the two particle sizes because a higher radius of curvature increases the number of water molecules found at a given distance from a surface iron site.
Nevertheless, there is a significant difference in the minimum RDF intensity between first and second water layers for the two particle sizes. This minimum indicates an energy cost for water molecules at this position and implies an energy barrier that impedes transfer of water molecules between the first two layers. Consequently, the simulations predict that water exchange rates between the first two layers will be significantly different for the two nanoparticles studied. To further explore the relationship between particle size and shape and water exchange rates, an additional simulation was performed to predict water structure at the surface of a 2.6 nm spherical nanoparticle. Figure 3 shows cross-sections through the atomic density maps for the 2.7 nm diameter (01.2) faceted and 2.6 nm spherical hematite nanoparticles. Compared to the 1.6 nm spherical particle shown in Figure 2 , both larger particles impose greater ordering on surface water. Interfacial water forms more continuous and extended layers around the faceted 2.7 nm nanoparticle than the spherical 2.6 nm nanoparticle. Numerous isolated patches of bound water develop around the spherical diameter. Taken together, these two observations indicate that surfaces with larger facets or lower curvature are more effective at imparting order to bound water. Furthermore, the faceted particle imposes facets on the surrounding water layers.
Prediction of the structure of water as a function of shape and surface site
We calculated several partial RDF curves between water molecules and specific sites on the surface of the faceted nanoparticle. The crystalline nature of the (01.2) 2.7 nm particle allows us to categorize sites as planar (flat surfaces), corner, or edge. The partial RDF of an iron site on planar (01.2) surfaces ( Figure 3b ) shows a first peak at 0.22 nm and then from 0.35 nm to 0.61 nm a series of sharp peaks. These peaks indicate a high degree of structural order for water at planar surfaces compared to water in the vicinity of corner or edge sites, or at the surface of a spherical particle. The partial RDF of an iron site on the disordered 1.6 nm nanoparticle surfaces is similar to that of the corner/edge sites and larger spherical particle.
Strikingly, the partial RDF intensity minimum between the first two water layers at a planar surface reaches zero, but remain non-zero for all other surface sites. Thus, we predict that the rate of movement of water molecules directly between the first two water layers on the side of a faceted nanoparticle will be very slow and water diffusion will occur primarily parallel to the surface. For faceted nanoparticles, exchange of water molecules between the first and second layers should occur primarily at edge or corner sites.
To further analyze the dynamics of water at the nanoparticle surface, we calculated the average velocity of water traveling in two different directions. The average velocity of water traveling perpendicular to the surface is around 60% slower than the average velocity of water traveling parallel to it (Table 2) . A related finding from MD studies on large facets on hematite (KERISIT et al., 2005) is that diffusion of water parallel to the surface differs from that normal to the surface. At edge and corner sites, the disruption of the water layer structure permits the transport of molecules between first and second layers. This is consistent with the prediction that the exchange of water molecules between the first two water layers will occur largely at the corner and edge sites.
We compared the structure of water around hematite nanoparticles and a 2 dimensional flat (01.2) hematite surface and calculated the density of water relative to for the 2.7 nm faceted, 2.6 nm spherical and 1.6 nm disordered nanoparticles respectively) are much lower than for the 2 dimensional flat surface (3.1 g/cm3).
We can use the water density perpendicular to the surface, , as an approximation for the partition function, to give the free energy difference,  for water molecules at different distances from the surface, z, (MARRINK and BERENDSEN, 1994) . lower than values for nanoparticle surfaces. Although only an estimate, the smaller value on the flat surface indicates higher stabilization of the water layers by the underlying periodic structure.
The dynamics can be further investigated by calculating the residence times of water molecules at different surface sites (Table 4 ). The calculated residence times do not distinguish between the mobility of water molecules due to exchange between layers (perpendicular to the surface) or to diffusion within a layer (parallel to a surface). Results indicate that the residence times on flat 2D (infinite) surfaces are exceedingly long (as reported by (KERISIT, 2004) ), and greatly exceed residence times on any nanoparticle surface considered here.
Water localization is disrupted by the competing effects of underlying hematite layers in different crystallographic orientations. This leads to 'faceting' of water layers around larger non-spherical particles and highly disparate residence times for corner sites, edge sites, and planar surfaces. This finding is consistent with other MD studies of aqueous polynuclear clusters (WANG et al., 2007) . The longest residence times occur on the spherical nanoparticle surfaces, where frustration of layers by the underlying curved hematite surfaces leads to strong spatial localization of water molecules (discrete red spots in Figure 3 ). For the small particle, the result is disordering of water layers and the shortest average residence time.
Conclusions
The MD simulations predict that water close to the surfaces of the hematite nanoparticles forms several ordered layers characterized by much shorter residence times than are predicted for water at planar (infinite) hematite surfaces. As particle size decreases and particles become less crystalline, water layers become less distinct. On the larger faceted particle the extent of ordering increases and the exchange rates for water between layers decreases from corner sites to edges sites to planar surfaces. The average velocity of water is faster parallel compared to perpendicular to water layers. In combination, the results suggest that water moves from the bulk to the surface, and vise versa primarily through the junctions of facets in the solvation layers. Thus, underlying mineral facet junctions could mediate the transport of ions, by creating a mechanism to bypass ordered water regions. In contrast to the extended nanoparticle surfaces, which lead to ordered water layers, curved surfaces create isolated patches in which water may become trapped. Thus, the simulations suggest that the structure and morphology of nanoparticle surfaces contribute to heterogeneity in surface reactivity by affecting the exchange rates of water molecules at mineral surfaces. Moreover, the structure of water could influence nanoparticle reactivity such as crystal growth via oriented aggregation (PENN and BANFIELD, 1998 Radial Distribution Function of an iron site on planar surface (black line) and corner/edge surface site (red line) of a 2.7 nm (01.2) particle, an iron site on a spherical surface (blue line) and an iron site on a 1.6 nm disordered particle (green line) with the oxygen of the water molecules. 
